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ABSTRACT
Advances in scientific knowledge and new techniques of remote sensing permit a better
understanding of the physical land features governing hydrologic processes, and make possible
efficient, large-scale hydrologic modeling. The need for land-cover and hydrologic response
change detection at a larger scale and at times of the year when hydrologic studies are critical
makes satellite imagery the most cost effective, efficient and reliable source of data. In this work,
remotely-sensed data and geographic information system (GIS) tools were used to estimate the
changes in runoff response for three watersheds (Etonia, Econlockhatchee, and S-65A subbasins) in Florida. Land-use information from Digital Orthophoto Quarter Quadrangles (DOQQ),
Landsat Thematic Mapper, and Enhanced Thematic Mapper Plus were analyzed for the years
1984, 1990, 1995, and 2000. Spatial distribution of land-cover was assessed over time. The
corresponding infiltration excess runoff response of the study areas due to these changes was
estimated using the United States Department of Agriculture, Natural Resources Conservation
Service Curve Number (USDA-NRCS-CN) method. A Digital Elevation Model-GIS technique was
used to predict stream response to runoff events based on the travel time from each grid cell to
the watershed outlet. The method was applied to a representative watershed (Simms Creek) in
the Etonia sub-basin to study the effect of land-cover on storm runoff response. Simulated and
observed runoff volume and hydrographs were compared. Isolated storms, with volumes of not
less than 12.75 mm (0.5 inch) were selected (the minimum amount of rainfall volume
recommended for the NRCS-CN method). Results show that the model predicts the total runoff
volume with an average efficiency of 98%. The model is applicable to ungaged watersheds and
useful for predicting runoff hydrographs resulting from changes in the land-cover.
(KEYWORDS: Runoff, GIS, curve number, land-cover, spatially distributed)
1. Introduction
Watershed models are tools that integrate our knowledge of hydrologic systems to
simulate the real world hydrologic processes. The primary objective of these models is to
ascertain the impact of changes in land-use and management practices on water quality and
quantity. Lumped watershed models have been used traditionally to analyze the conversion of
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excess rainfall into surface runoff. These models typically assume that excess rainfall and
hydrologic parameters are uniform over the watershed, and that the rainfall-runoff process is
linear and can be predicted using unit hydrograph theory. The Unit hydrograph theory treats the
watershed as a lumped linear system in which an input function (excess rainfall hyetograph) is
acted on by a transfer function (the unit hydrograph) to produce an output response (stream flow
hydrograph). The unit hydrograph is estimated using observed empirical data from the specific
watershed being modeled. In practice, the excess rainfall and hydrologic parameters are nonuniform over a large watershed. To overcome this deficiency, spatially distributed models have
been developed (Ott, et al., 1991; Ogden, 1997; Olivera and Maidment, 1999) in which the
watershed is divided into a number of sub-watersheds or cells with spatially variable excess
rainfall and hydrologic parameters.
Distributed-parameter models divide the entire watershed into smaller sub-basins or grids
which are assumed to have uniform hydrologic characteristics. Distributed-parameter models may
be more accurate since they offer the possibility of modeling the spatial variability of hydrologic
parameters. These parameters can be derived from remote sensing of various platforms (groundbased, airborne or space borne) and sensors (Landsat Thematic Mapper, TM), and Enhanced
Thematc Mapper Plus, ETM+).

1.1

Remote Sensing (RS) Application
Accurate and up-to-date information on land-cover and the state of the environment are

critical components of flood management, environmental planning and management. Land-cover
information from RS and other sources is used in watershed modeling to estimate the value of
surface roughness or friction as it affects the velocity of the overland flow of water. Although RS
cannot be used directly to quantify runoff, it can be used to determine watershed geometry,
drainage network and also hydrologic input parameters such as soil moisture or delineated landuse classes that are used to define runoff coefficients. Land-cover (actual distribution of physical
features of land) determination using RS is widely used for large watersheds. The pixel format of
digital RS data makes it suitable to merge it with GIS. GIS allows for the combination of remotelysensed data with other spatial data forms such as topography, soils maps and hydrologic
variables such as rainfall distribution and soil moisture.
1.2

Geographic Information System (GIS) Application
GIS is a computer-based tool that displays, stores, analyzes, retrieves and generates

spatial and nonspatial (attribute) data. GIS technology is a well-established tool used in
hydrologic modeling, which facilitates processing, management and interpretation of all available
data. It also provides a practical means for modeling and analyzing the spatial characteristics of
the hydrologic cycle.

Journal of Spatial Hydrology

2

Several studies have been done to incorporate GIS in hydrologic modeling of
watersheds. These studies have different scopes and can be generally grouped into four
categories, (1) computation of input parameters for existing hydrologic models (2) mapping and
display of hydrologic variables (3) watershed surface representation, and (4) identification of
hydrologic response units. Maidment (1993b) pointed out an alternative scheme to classify the
different contributions of GIS in hydrology: hydrologic assessment, hydrological parameter
estimation, loosely-coupled GIS and hydrological models and integrated GIS and hydrological
models.
Maidment (1992a, 1992b, and 1993a) introduced a procedure using raster GIS and a
Time-area method to derive a spatially distributed unit hydrograph. Maidment used the Digital
Elevation Model (DEM) of the watershed to determine the flow direction from each cell based on
the maximum downhill slope. Flow velocity through each cell was estimated based on the
kinematic wave assumption, then the flow time through each cell was obtained by dividing the
flow distance by the flow velocity. Maidment’s procedure was applied to watersheds in the
Canadian Rockies using GRASS GIS (Muzik, 1995 and Ajward, 1996).
This study presents spatially distributed runoff volume estimation using the Natural
Resources Conservation Service Curve Number (NRCS-CN) technique, and grid GIS to compute
hydrologic parameters from DEMs, which predicts spatially distributed excess rainfall volume and
routes the water to the watershed outlet. A routing model based on travel time developed by
Melesse and Graham (2003) was used to generate the direct runoff hydrograph without relying on
unit hydrograph theory. The methodology is demonstrated and validated using data measured in
the Simms Creek watershed in northeast Florida. The effect of land-cover on storm runoff
response was studied for Simms Creek using land-cover data from 1984, 1990, 1995 and 2000.
2. RUNOFF DEPTH CHANGE ANALYSIS
2.1 Image Processing and GIS Software
In this study, GIS and image processing software packages were used to handle,
process and generate land-cover, soils, and topographic layers. ERDAS Imagine v8.4 (ERDAS,
1999) was used to process the Landsat images and generate land-cover classes. ESRI ArcView
v3.2 (ESRI, 2000) with spatial analyst module was used to create and handle grid layers of landcover and soil for runoff depth prediction.

2.2. NRCS Runoff Curve Number Method
In the early 1950’s, the United States Department of Agriculture (USDA) NRCS (then
named Soil Conservation Service, SCS) developed a method for estimating the volume of direct
runoff from rainfall. This method, which is often referred to as the curve number method, was
empirically developed for small agricultural watersheds. Analysis of storm event rainfall and runoff
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records indicates that there is a threshold which must be exceeded before runoff occurs. The
storm must satisfy interception, depression storage, and infiltration volume before the onset of
runoff. The rainfall required to satisfy the above volumes is termed initial abstraction. Additional
losses as infiltration will occur after runoff begins. After runoff begins, accumulated infiltration
increases with increasing rainfall up to some maximum retention. Runoff also increases as rainfall
increases. The ratio of actual retention to maximum retention is assumed to be equal to the ratio
of direct runoff to rainfall minus initial abstraction. This can be expressed mathematically as
(USDA, 1985)

F
Q
=
S P−I

(1)

where F is actual retention after runoff begins, mm; S is watershed storage, mm (S = F); Q is
actual direct runoff, mm; P is total rainfall, mm (P = Q); I is initial abstraction, mm.
The amount of actual retention can be expressed as

F = (P − I ) − Q

(2)

The initial abstraction defined by the NRCS mainly consists of interception, depression storage,
and infiltration occurring prior to runoff. To eliminate the necessity of estimating both parameters I
and S in the above equation, the relation between I and S was estimated by analyzing rainfallrunoff data for many small watersheds. The empirical relationship is

I = 0 .2 S

(3)

Substituting Eq. 3 into Eq. 1 and 2 yields

( P − 0.2 S ) 2
Q=
P + 0.8S

( P > 0.2 S )

(4)

Which is the rainfall-runoff equation used by the NRCS for estimating depth of direct
runoff from storm rainfall. The equation has one variable P and one parameter S. S is related to
curve number (CN) by

S=

25400
− 254
CN

(5)

Where CN is a dimensionless parameter and its value range from 1(minimum runoff) to 100
(maximum runoff). It is determined based on the following factors: hydrologic soil group, landuse, land treatment, and hydrologic conditions. The NRCS runoff equation is widely used in
estimating direct runoff because of its simplicity and flexibility.
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2.2.1. Hydrologic soil group (HSG) classification
Soils are classified into four hydrologic soil groups (A, B, C, and D) according to their
minimum infiltration rate, which is obtained for a bare soil after prolonged wetting. A description of
these groups is shown in Table 1.

Table 1 Hydrologic soil group descriptions (from USDA, 1985)
Soil group

Description

Final infiltration
rate (mm/hr)

A

Lowest runoff potential. Includes deep sands with very little
silt and clays, also deep, rapidly permeable loess.

B

8 - 12

Moderately low runoff potential. Mostly sandy soils less
deep than A, and less deep or less aggregated than A, but
the group as a whole has above average infilteration
thorough wetting.

C

4–8

Moderately high runoff potential. Comprises shallow soils
and soils containing considerable clay and colloids, though
less than those of group D. The group has below-average
infilteration after presaturation.

D

1–4

Highest runoff potential. Includes mostly clays of high
swelling percent, but the group also includes some shallow
soils with nearly impermeable subhorizones near the
surface.

0-1

To assess the hydrologic response of the sub-basins as a result of land-use change
using the Curve Number technique, soils GIS coverages showing hydrologic soils group (HSG)
were obtained from the USDA – States Soils Geographic (STATSGO) database (Figure 1a
through 1c). The vector coverage of the HSG was converted in to 30-m grids using GIS for
spatial overlay of the data with that of the land-cover information. Since the STATSGO database
has a scale of 1:250,000 and the soil map units identified in the database can have more than
one HSG, hard-copy county level soil survey maps (1:15,840 scale) were consulted to improve
the accuracy of assigning HSGs.
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a

b

c

Figure 1 Hydrologic Soils Group (HSG) (a) Etonia (b) Econ, and (c) S-65A
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2.2.2. Land-cover classification
Determination of land-cover complex classification depends on three factors: land-use,
treatment, and hydrologic condition. Land treatment refers mainly to mechanical practices (e.g.,
contouring or terracing) and management practices (e.g., grazing control, crop rotation or
conservation tillage). The hydrologic condition reflects the level of land treatment and is divided
into three classes: poor, fair, and good.
The 1990 and 1995 land-use GIS coverages at Level 1 classification in the Florida Landuse and Cover Classification System (FLUCCS) (Kuyper et, al., 1981), were developed by the St.
Johns Water Management District (SJRWMD) from the Digital Orthophoto Quarter Quadrangles
(DOQQs). The original DOQQ data were 1:40,000 scale aerial photos taken by the National
Aerial Photography Program and then processed and digitized into orthophoto products at 1-m
resolution by the United States Geological Survey (USGS).
These DOQQ data were converted by the SJRWMD into a vector layer with a nominal
scale of 1:24,000 using an on-screen digitizing approach and stereo plotter together with ancillary
data such as soil, land parcels, and Federal Emergency Management Agency floodplains, to
assist interpretation for land-use classification. The classification accuracy reaches approximately
90% with mapping units of 0.5 ha for wetlands and 2 ha for other land-cover types, which are the
minimum mapping units respectively (SJRWMD, 2002). For the purpose of this study the vector
GIS coverage of the land-cover was converted into 30-m grids using ArcView.
The 1984 and 2000 land-use data were determined from Landsat images. These images
were acquired on May 14, 1984 for all three sub-basins and on February 28, 2000, January 11,
2000 and January 27, 2000 for the Etonia, Econ and S-65A sub-basins, respectively. Because
Landsat satellites have sun-synchronous orbit and nadir-pointed instrument, all daytime Landsat
images are acquired in midmorning local time. The Level-1G/systematic-corrected scene product
images were subsequently geocorrected to the DOQQ base-map (affine method) and
unsupervised classification of the images into Level 1 of the USGS Land Use and Land-cover
(LULC) classification system (Anderson et al., 1976) was accomplished using the augmented
ISODATA (ERDAS, 1999) algorithm described in Melesse and Jordan (2002).
2.3 Runoff depth Change Results
Based on the procedures of NRCS-CN method, runoff CNs were assigned for each of the
30 m grid cells using the land-cover and soils information. The spatially distributed runoff CNs
were developed for each of the sub-basins and years of study. From the grids of runoff CN,
corresponding grids of spatially variable runoff depth were generated for a design rainfall value of
6.5 inches (165.1 mm). This is equivalent to a 24 - hour 10 year maximum rainfall event for the
study areas. Since the objective of this part of the study was to compare the runoff response of
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the three sub-basins due to land-cover change, an antecedent moisture condition of level II (AMC
II) and the 165.1 mm rainfall amount was chosen for all the calculations.
Spatial variations of the runoff depth for each of the sub-basins were assessed using the
change in runoff depth computed for each cell using the 1984 and 2000 inputs.
The runoff depth was computed from the grids of land-use and soils for each year of study. From
these values the difference in runoff depth between 1984 and 2000 (Q2000 – Q1984) was also
computed for each grid cell (Figure 2a-2c). Pixels showing higher change in runoff depth indicate
dynamic areas where the land-use has changed significantly.

2.4. Comparison among sub-basins
For all of the three study areas, runoff response changed over the study period. Runoff
depth and volume increased in 2000 over previous years. The cause of this change in the Econ
and Etonia sub-basins is the change of agricultural areas to residential and other land-use.
However the cause of the change in the S-65A sub-basin is due to an increase in water and
wetland-covered areas as a result of restoration work on the Kissimmee River basin. The change
in urban and built-up areas in S-65A is much lower than in the Econ and Etonia sub-basins.
3. STREAM FLOW PREDICTION
In this section, a spatially distributed travel time method for runoff routing is used to
predict direct hydrographs. Rainfall and land-cover data were employed as inputs to generate
runoff hydrographs. A Digital Elevation Model (DEM)-GIS based runoff routing using a onedimensional (1D) kinematic wave approximation was employed to predict runoff hydrographs
based on spatially distributed travel times. Predicted runoff volumes from the travel time method
were compared to observations.
3.1. Study Area
For the purpose of runoff hydrograph development and verification, a representative watershed
within Etonia, Simms Creek (Figure 3) was selected. The selection was based on the availability
of continuous hourly-rainfall and discharge data for the periods of study; the rainfall and
discharge gaging stations in other portions of the study area either do not have hourly and/or
continuous data for the periods of study, or the drainage areas are outside the study areas.
2

Simms Creek drains about 11, 433 ha (114 km ) of the Etonia sub-basin. It flows east with Rice
and Etonia Creeks to the St. Johns River. It is mainly covered with forest, wetlands, agriculture
and urban-built up areas (including strip-mines).
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a

b

c

Figure 2 Spatially distributed runoff depth change (Q2000-Q1984) using NRCS-CN
technique (a) Etonia (b) Econ, and (c) S-65A
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3.2. Data
The data collected for hydrologic analyses include topographic information in the form of
DEMs from United States Geological Survey (USGS), GIS point coverage of rainfall and
discharge gaging stations, and hourly rainfall and runoff discharge data at Simms Creek. DEMs
were used to determine the hydrologic parameters of the watershed such as slope, flow
accumulation, flow direction, drainage area delineation and stream network. These parameters
were later used to develop spatially distributed direct runoff hydrographs based on variable
velocity fields and travel time distribution.

Figure 3 Simms Creek of the Etonia sub-basin
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A 30-m resolution DEM was obtained from USGS for Simms Creek (Figure 4). An
ArcView Avenue script was used to process the DEM and generate the hydrologic parameters
required to develop the spatially distributed travel time distribution and direct runoff hydrographs
by routing the runoff down to the outlets. The original standard script was modified to load the
DEM data into the ArcView project; to identify and fill sinks; to generate flow direction, flow
accumulation, and stream network; and to delineate the sub-basins interactively using user
specified pour point (gaging station); and to output the delineated watershed GIS layer to a file.

Figure 4 30-m DEM of Simms Creek watershed
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3.2.1. Rainfall and Discharge Data

There are several methods of determining weighting coefficients for the spatial
distribution of rainfall, and all of them yield slightly different variations of rainfall patterns across
an area. The Thiessen method is a widely recognized scheme proven to be reasonably accurate
at estimating areal precipitation distributions, and so was the method of choice in this study. The
primary assumption in the Thiessen method is that areas closest to a precipitation station are
most likely to experience similar rainfall conditions to those measured at the station location
(Chow et al., 1988).
One-hour rainfall data were obtained from SJRWMD for 1990, 1995, 1999 and 2000.
Using the three nearest rainfall gages to the Simms Creek sub-basin, Thiessen polygons (Figure
5) were constructed using the GIS to determine the spatial distribution of storms for computation
of spatially variable excess rainfall. Since the rainfall record for the BCKPEN (Black Creek near
Penny Farms) rain gage station began in 1996, the 1990 and 1995 rainfall data were determined
only from the BOSTWI (Bostwick) and PLMTT (Palmetto Branch) rain gages records. Grids of
rainfall were computed and mapped for selected storm events. All isolated storms with total
volumes of not less than 12.75 mm (0.5 inch) (USDA, 1986) and with continuous rainfall data
were selected for the study (Table 2). The minimum rainfall volume was selected to be consistent
with minimum storm size recommended for use with the NRCS-CN method.
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Figure 5 Thiessen polygons for Simms Creek
Historical measurements of runoff were obtained for 1990, 1995, 1999 and 2000. A
comparison of rainfall and runoff volumes (Table 2) shows that for storms in this basin an average
of 7.1% of the total rainfall in each event generates the fast response runoff volume. The
minimum runoff response of 1.2% was observed for Storm 15 on March 30, 2000, and the
maximum of 20.4% was observed for Storm 16 on September 29, 2000. Depending on the
intensity and duration of the storm the observed time to peak for the 16 storm events ranges from
13-64 hours (Table 2).
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Table 2 Summary of rainfall and discharge events used for the study
Rainfall

Runoff

Average
Storm #

Date

Volume Duration
(mm)

Intensity

Time to
AMC* Volume Volume Peak
3

(hr)

(mm/hr)

Class

(mm)

(%)

(m /s)

peak
(hr)

1

28-Apr-90 29.62

3

9.87

I

1.51

5.1

1.09

20

2

7-Jun-90

51.05

4

12.76

I

1.39

2.7

1.22

32

3

26-Jun-90 70.60

22

3.21

II

2.59

3.7

0.94

64

4

17-Aug-90 21.08

3

7.03

I

3.19

15.1

1.64

39

5

24-Apr-95 27.43

3

9.14

II

1.38

5.0

0.76

23

6

12-May-95 26.54

8

3.79

II

3.84

14.5

2.97

30

7

3-Jan-99

24.38

3

8.13

II

0.62

2.5

0.48

22

8

9-Jan-99

28.44

7

4.06

I

0.88

3.1

0.49

27

9

23-Jan-99 78.23

10

7.82

I

8.16

10.4

5.14

32

10

28-Feb-99 30.98

2

15.49

I

1.46

4.7

0.81

13

11

14-Mar-99 24.63

7

3.52

I

2.19

8.9

1.71

27

33.53

4

8.38

I

1.37

4.1

0.69

27

13

16-Apr-99 17.52

13

1.35

I

0.44

2.5

0.25

33

14

16-Jun-99 15.24

2

7.62

I

1.27

8.3

1.11

24

15

30-Mar-00 58.33

3

19.44

II

0.69

1.2

0.51

31

16

29-Sep-00 55.50

10

5.55

II

11.34

20.4

6.08

32

Average

6.5

7.92

2.65

7.1

1.62

29.75

12

1-Apr-99

37.07

*For areas classified as urban built-up, water and wetlands AMC II values were used
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3.2.2. Manning’s Roughness Coefficients
Manning’s roughness coefficient for estimating overland and channel flow velocities were
determined using land-cover information. Based on Table 3, grids of spatial distribution of
Manning’s coefficient were developed for 1984, 1990, 1995 and 2000.

Table 3 Manning’s roughness coefficients
Manning’s coefficient , n

Source

Land-use
Urban and built-up

0.015

Montes (1998)

Agriculture

0.04

Montes (1998)

Forest

0.2

Montes (1998)

Rangeland

0.07

Montes (1998)

Water

0.08

Brater and King (1976)

Wetlands

0.125

Brater and King (1976)

Barrenland

0.055

Brater and King (1976)

3.2.3. Antecedent Soil Moisture Condition (AMC)
Antecedent moisture condition is an indicator of watershed wetness and availability of soil
moisture storage prior to a storm, and can have a significant effect on runoff volume. Recognizing
its significance, NRCS developed a guide for adjusting CN according to AMC based on the total
rainfall in the 5-day period preceding a storm (USDA-SCS, 1985). Three levels of AMC are used
in the CN method: AMC-I for dry, AMC-II for normal, and AMC-III for wet conditions. Table 4 gives
seasonal rainfall limits for these three antecedent moisture conditions. This technique of adjusting
the AMC for different moisture conditions has been applied to Florida watersheds and is
incorporated in the South Florida Water Management Model (SFWMM) (SFWMD, 1997). For the
purpose of this study the dormant (dry) and growing (wet) seasons for north central Florida were
based on the volume of rainfall received from each month. June, July, August and September
receive most of the annual precipitation in north central Florida and were considered to be the wet
or growing season months.
The CN values documented for the case of AMC-II (USDA, 1985). To adjust the CN for the
cases of AMC-I and AMC-III, the following equations are used (Chow et al., 1988):
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CNI =

4.2 * CN II
10 − 0.058 * CNII

(6)

CN III =

23 * CNII
10 + 0.13 * CN II

(7)

3.3. Runoff Routing Methodology

The runoff hydrograph at the outlet of the watershed was predicted by determining
abstractions from land-cover, soils and rainfall information, followed by routing the spatially
distributed runoff using topographic data. Spatially distributed direct hydrographs were generated
using the concept of travel time distribution. The flow chart summarizing this procedure is shown
in Figure 6. The detailed technique is discussed in Melesse and Graham (2003).

3.3.1. Flow velocity
Overland flow velocity may be estimated by combining a kinematic wave approximation
with Manning’s equation. The overland flow travel time from the overland velocity for steady flow
is given by kinematic wave equation (Chow et al., 1988). The derivation of the overland flow
travel time using the kinematic wave approximation of the momentum equation and the continuity
equation is described by Melesse (2002) and Melesse and Graham (2003).
The channel flow velocity, Vc (m/sec) is computed using Manning’s equation and the
continuity equation for a wide channel. Open channel flow is assumed in the wide channel and
the hydraulic radius is approximated by the depth of flow assuming the depth of flow is much
smaller than the channel width. The flow accumulation request, an ArcView Avenue script to
compute the upstream contributing areas, was modified to calculate the cumulative discharge for
each cell.
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Figure 6 Flowchart showing development of the direct runoff hydrograph
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3.3.2. Travel time
The travel time for each cell is computed from the cell velocity and the travel distance of
the runoff water in the cell (Eq. 8 and 9).

to =

Lo
vo

(Overland flow)

(8)

tc =

Lc
vc

(Channel flow)

(9)

Where o and c stand for overland and channel respectively, t is the travel time (sec), L is travel
distance (m) and v is flow velocity (m/sec).
The cumulative travel time of the storm runoff to the watershed outlet was computed by
summing the travel times along the unique flow-path from each cell following the flow directions.
An ArcView Avenue script was developed to compute the overland and channel flow velocities,
compute cumulative travel time, reclassify the cumulative travel time into 1-hour intervals, and
compute the corresponding watershed area drained for each travel time. From travel time
distribution and cell volumetric flow, direct runoff hydrographs were developed.
3.3.3. Direct Runoff Hydrograph
Spatially Distributed Direct Hydrographs (SDDH) were developed directly based on the
travel time distribution concept without using the unit hydrograph. The travel time of each cell to
the outlet is computed and the volumetric flow is computed as the area of the cell multiplied by
the respective excess rainfall. The direct runoff flow at the outlet is the sum of the volumetric flow
from all cells arriving at the outlet at each respective travel time. This approach preserves the
spatially distributed excess rainfall information, unlike the Time-area method which ultimately
requires a constant rainfall excess over the entire watershed. The predicted hydrograph was
plotted together with the observed flow for comparison. The detailed procedure of the technique
is indicated in Melesse and Graham (2003).

3.4. RESULTS
3.4.1. AMC Adjustment
Since soil moisture content data were not available, three moisture categories were
identified from the antecedent precipitation prior to the storm of interest based on Table 4. Cells
of the urban and built-up, wetland and water land-cover classes were masked and CNs were
determined using CNII for each year of study. The rest of the land-cover classes (cropland, forest,
rangeland and barrenland) were assigned in to the three moisture categories based on the total
storm volume prior to the storm events. Table 5 summarizes the antecedent moisture conditions
for the 16 storms considered in this study. Except for storms on June 26, 1990, April 24, 1995,
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January 3, 1999 and March 30, 2000, which have AMC II, AMC I was assigned to the latter landcover classes for all storms (Table 1 and Figure 7).
Table 4 Classification of antecedent moisture conditions
AMC

Total 5-days antecedent rainfall (mm)
Dormant season

I

< 12.7

II

12.7 – 27.9

III

> 27.9

Growing season
< 35.6
35.6 – 53.3
> 53.3

3.4.2. Comparison of Observed and Predicted Runoff Volume

Runoff volume using the NRCS-CN method (infiltration excess) was estimated. From
observed hourly runoff hydrograph at the Simms Creek outlet, observed runoff depth (Qo) was
calculated as the area under the hydrograph curve divided by the watershed area. This was
compared to the predicted total runoff volume estimated using the NRCS-CN technique. The
residuals were computed as observed minus predicted. Comparison of these results (Figure 11)
indicates that the NRCS-CN technique predicts the observed runoff volume fairly well with
residual mean and standard deviation of –0.56 mm and 1.28 mm, respectively.
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Figure 7 Antecedent soil Moisture Condition (AMC) classes estimated from 5-days
antecedent rainfall. (a) 1990, (b) 1995 and (c) 2000

Figure 8 Predicted vs. observed runoff volume

Journal of Spatial Hydrology

20

3.4.3. Runoff Hydrographs

Runoff hydrograph prediction was done for 4 rainfall events. The storms were selected to
represent different rainfall volumes, different seasons and different years. Detailed statistics of
the accuracy of hydrograph predictions is indicated in Melesse and Graham (2003).
Storm # 1 (April 28, 1990)
This storm had a total volume of 29.62 mm and an intensity of approximately 9.78 mm/hr.
There were no antecedent rainfall 5-days prior to this storm and AMC I was assumed to estimate
3

the abstraction from the CN method. The SDDH method predicted the peak flow (1.1 m /s)
(Figure 9) with only -0.9% error. The SDDH prediction of time to peak was 11 hours late with
prediction error of -55%. The overall Nash and Sutcliffe model prediction efficiency was 0.88
(Nash and Sutcliffe, 1970; Melesse and Graham , 2003).
Storm # 6 (May 12, 1995)
This was a storm with a volume of 26.54 mm and intensity of 3.79 mm/hr. From
antecedent precipitation of 18.3 mm, AMC I was assumed. Peak flow prediction error was -3.4%
(Figure 10). The overall Nash and Sutcliffe model prediction efficiency was 0.99.
Storm # 7 (January 3, 1999)
This was a winter storm of magnitude 24.38 mm and intensity 8.13 mm/hr. Class II AMC
was assumed since 22.8 mm of rainfall was recorded in the 5 days prior the storm date. Peak
flow and time to peak prediction errors by SDDH were –4.16% and 41% (Figure 11). The overall
Nash and Sutcliffe model prediction efficiency was 0.85.
Storm # 16 (September 29, 2000)
This storm had a volume of 55.5 mm with 10 hrs of duration. There was only 10.8 mm of
antecedent precipitation. The hydrograph prediction was based on AMC II for abstraction
estimation using the NRCS-CN method. Both the peak flow and time to peak was fairly predicted.
The SDDH predicted peak flow with 7.7% error (Figure 12). Time to peak error was -9.4%. The
overall Nash and Sutcliffe model prediction efficiency was 0.75
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Figure 9 Storm 1, April 28, 1990, predicted vs. observed runoff hydrograph

Figure 10 Storm 6, May 12, 1995, predicted vs. observed runoff hydrograph
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Figure 11 Storm 7, January 3, 1999, predicted vs. observed runoff hydrograph

Figure 12 Storm 16, September 29, 2000, predicted vs. observed runoff hydrograph
3.4.4. Comparison of Runoff Hydrographs by Year

In order to demonstrate the effect of land-use change on the shape, peak flow, time to
peak and time to recession of hydrographs, an arbitrary rainfall intensity of 12 mm/hr with 4 hours
of duration was simulated. Since the purpose of such analysis is to assess the effect of the landuse change on the hydrographs, only the excess rainfall determined from the curve numbers was
variable. Using the SDDH method, hydrographs (Figures 13a and 13b) were developed using
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curve numbers from 1984, 1990, 1995 and 2000. Manning’s coefficients were also varied for
each year depending on land-cover distribution.
From the four hydrographs, the times to peak were 37, 31, 29, and 31 hours (Table 5) for
1984, 1990, 1995 and 2000 respectively. Similarly the peak flow rate for 1984, 1990, 1995 and
3

2000, were 0.83, 0.94, 1.04 and 0.98 m /sec respectively. The total runoff volume computed for
each of the hydrographs was similar (Table 5). As indicated in the land-cover section, the 1990
and 1995 land-cover were determined from DOQQs and the 1984 and 2000 land-use was
derived from Landsat images. Fair comparisons can be made between the 1990 and 1995 and
also between 1984 and 2000 as they have similar procedures and source of data for determining
the land-cover.
Comparison of the 1990 and 1995 hydrographs (Figure 13a) indicates an increase in
peak flow by 6.5% and reduction in time to peak by 10.6% for 1995 compared to 1990. This is
due to the increase in urban built-up areas in the 1995 land-cover, which increases runoff and
reduces the travel time. This is a typical effect of urbanization on the shape of the hydrograph
and timing of peak flow (Chow et al., 1988). Similarly, the increase in urban built-up areas in the
year 2000 compared to 1984 increased the peak flow by 16.2% and reduced the time required to
attain the peak flow 18.1% (Figure 13b).

Table 5 Hydrograph values as a function of land-cover change
Peak flow

Time to peak

Runoff volume

Year

3

(m /s)

(hr)

(1000X m )

1984

0.83

37

152.81

1990

0.94

31

153.69

1995

1.04

29

153.98

2000

0.98

31

153.59

Journal of Spatial Hydrology

3

24

Figure 13 Hydrographs from rainfall intensity of 12 mm/hr
(a)1990 vs. 1995 and (b) 1984 vs. 2000
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4. Conclusions, Contributions and Recommendations
4.1. Conclusions
As the result of the alterations in land-cover over the study years, the predicted runoff
depth increased. The increased impervious surface area in 2000 and 1995 increased the peak
flow, and reduced the time to peak and time to recession, compared to 1984 and 1990,
respectively.
To maximize the utility of spatially integrated satellite information, distributed hydrologic
models based on a grid GIS are necessary. Runoff estimation using remotely-sensed data and
GIS will be advantageous if study areas are large, in-situ data are not available and alternative
land-use scenarios must be explored.
4.2. Recommendations
Since the AMC determined from antecedent rainfall is not accurate and moisture data is
very transient, the use of remotely-sensed moisture data could improve the antecedent moisture
estimation and subsequent runoff prediction. Radar-based soil moisture data may lead to
improvement of the prediction if such data is collected at the same time as Landsat images.
Some current problems with radar data are availability and challenges in extracting soil moisture
from radar backscatter, because it is dependent not only on moisture content but also on surface
microwave roughness and biomass of vegetation cover. Accurate rainfall data for the watershed
are very critical for stream flow prediction. Therefore, the use of spatially distributed rainfall from
radar may produce an improvement over the Thiessen method, since radar-sensed rainfall can
be expected to have better spatial accuracy than a sparse network of rain gage stations.
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